It has been hypothesized that effects of alcohol consumption on one-carbon metabolism may explain, in part, the association of alcohol consumption with breast cancer risk. The methylenetetrahydrofolate reductase (MTHFR) and 5-methyltetrahydrofolate-homocysteine methyltransferase (MTR) genes express key enzymes in this pathway. We investigated the association of polymorphisms in MTHFR (rs1801133 and rs1801131) and MTR (rs1805087) with breast cancer risk and their interaction with alcohol consumption in a case-control study-the Western New York Exposures and Breast Cancer study. Cases (n = 1,063) were women with primary, incident breast cancer and controls (n = 1,890) were frequency matched to cases on age and race. Odds ratios (OR) and 95% confidence intervals (95% CI) were estimated by unconditional logistic regression. We found no association of MTHFR or MTR genotype with risk of breast cancer. In the original case-control study, there was a nonsignificant increased odds of breast cancer among women with higher lifetime drinking. In the current study, there was no evidence of an interaction of genotype and alcohol in premenopausal women. However, among postmenopausal women, there was an increase in breast cancer risk for women who were homozygote TT for MTHFR C677T and had high lifetime alcohol intake (≥1,161.84 oz; OR, 1.92; 95% CI, 1.13-3.28) and for those who had a high number of drinks per drinking day (>1.91 drinks/day; OR, 1.80; 95% CI, 1.03-3.28) compared with nondrinkers who were homozygote CC. Our findings indicate that among postmenopausal women, increased breast cancer risk with alcohol consumption may be as a result of effects on one-carbon metabolism. (Cancer Epidemiol Biomarkers Prev 2009;18(9):2453-9) 
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Introduction
Alcohol consumption is an established risk factor for breast cancer. Recently, Key et al. (1) conducted a metaanalysis of studies that examined incidence of primary breast cancer and alcohol consumption. Ninety-eight studies were included and the results showed an excess risk of 22% for drinkers versus nondrinkers. Risk estimates did not significantly differ by beverage type or menopausal status. The authors concluded that the relationship between alcohol and breast cancer may be causal (1) . Furthermore, findings from international studies provide consistent evidence that breast cancer risk is higher for women who drink moderate to high levels of alcohol (approximately >3 drinks/day) in comparison with those who do not drink alcohol at all and that there is a doseresponse relationship (2, 3) .
The mechanism for this association, however, is not well understood. One potential mechanism might be the effect of alcohol on one-carbon metabolism. One-carbon metabolism is critical for the synthesis of purines and pyrimidines and for methylation of macromolecules, including DNA (4) . Two key enzymes in this pathway are methylenetetrahydrofolate reductase (MTHFR) and 5-methyltetrahydrofolate-homocysteine methyltransferase (MTR), also referred to as methionine synthase (5) . Both acute and chronic alcohol ingestion inhibit MTR directly (6, 7) . Inhibition of MTR can inhibit MTHFR. Furthermore, alcohol consumption adversely affects the availability of methyl groups necessary for one-carbon metabolism (8) .
MTHFR plays a role in the directing of one-carbon moieties from nucleic acid synthesis to methionine synthesis and methylation reactions (4, 5, 9, 10) . Two common polymorphisms in this gene are C677T (rs1801133) and A1298C (rs1801131); both affect function. The homozygote variants of the 677 polymorphism and the 1298 polymorphism result in loss of enzyme activity of approximately 70% and 32%, respectively (11, 12) .
MTR catalyzes the methylation of homocysteine to methionine with simultaneous conversion of 5-methyletetrahydrofolate to tetrahydrofolate (13) . MTR is necessary for synthesis of S-adenosylmethionine, required for methylation reactions, and, of tetrahydrofolate, required for nucleotide synthesis (13) . There is a common variant of the MTR gene (rs1805087; A2756G), which results in an amino acid change from aspartic acid to glycine at codon 919 on chromosome 1q43. To date, no direct functional effect has been established for this variant, but several studies have shown some effect on human homocysteine levels (14) (15) (16) (17) (18) (19) (20) (21) .
Results of epidemiologic studies of the association of MTHFR C677T and MTHFR A1298C genotype with breast cancer risk have not been consistent; there are few studies, including the MTR A2756G polymorphism (22) (23) (24) (25) (26) . Most either have not included an extensive examination of alcohol intake or have not included alcohol intake at all. Additionally, many studies did not examine the potential modifying effect of menopausal status.
To better understand the role of one-carbon metabolism in breast carcinogenesis, we examined these common polymorphisms in MTHFR and MTR in a population-based case-control study-the Western New York Exposures and Breast Cancer (WEB) study. Specifically, we examined main effects of the polymorphisms and interactions with lifetime alcohol consumption in relation to breast cancer risk.
Materials and Methods
Study Subjects. Data used in this study were collected as part of a case-control study of breast cancer focused on alcohol consumption, the WEB study, described in detail elsewhere (27) . Subjects were accrued between 1996 and 2001. Briefly, cases were residents of Erie and Niagara counties (35-79 y old) with incident, primary, histologically confirmed breast cancer (n = 1,170; 72% participation rate). Controls (n = 2,115; 63% participation rate) were frequency matched to cases on age and race. Controls under the age of 65 were randomly selected from the Department of Motor Vehicle driver's license lists and women ages ≥65 y were randomly selected from the Health Care Financing Administration. Both cases and controls were limited to women who had no previous history of cancer other than nonmelanoma skin cancer. Data on demographics, past medical history, and other study variables were collected via questionnaires by trained interviewers or by self-administered questionnaires.
Alcohol Consumption. Data on alcohol consumption was collected by trained interviewers during in-person computer-assisted interviews. Participants were asked about recent alcohol consumption (12-24 mo before the interview for controls or diagnosis for cases) as well as throughout their lifetime (up to 2 y before interview or diagnosis). Intensity of alcohol consumption, the number of drinks per drinking day, for these same time periods was also determined. Consumption (absolute and intensity) in the last 2 to 10 and 2 to 20 y as well for each age decade (20s, 30s, etc.) were calculated.
Dietary and Supplement Intake. Recall of dietary and vitamin and mineral supplement intake 12 to 24 mo before the interview was collected using a self-administered modified version of the Health Habits and History food frequency questionnaire (28) . Nutrient intakes from food were calculated using the DietSys nutrient analysis software (version 3.7) developed specifically for the food frequency questionnaire (29) . Dietary intake was adjusted for total energy by using the residual approach (30, 31) in models controlling for diet intake alone that we tested.
Immunohistochemistry. Immunohistochemical staining for estrogen receptor (ER) and progesterone receptor (PR) status was done in sections of paraffin-embedded breast tumor blocks. The Allred score was used to evaluate staining for ER and PR status (32) .
Genotyping. A fasting blood sample was collected from all participants who agreed to a blood draw (78% of cases and 88% of controls). For some of the participants who did not agree or were unable to provide a blood draw, an oral rinse sample using the method of Lum and Le Marchand (33) was collected (approximately 17% of cases and 8% of controls). DNA extraction from blood or oral cells was done with the DNAQuik (BioServe) extraction kit according to the manufacturer's instructions. Genotyping of MTHFR C677T (rs1801133), MTHFR A1298C ( rs1801131), and MTR A2756G (rs1805087) was done by real-time PCR allelic discrimination with Taqman probes in an ABI 7900HT real-time PCR system using available probes and primers (Applied Biosystems). Quality control procedures were followed for all laboratory assays and included positive and negative controls in all runs and samples analyzed as blind duplicates (20%). The genotype assays were validated for confirming polymorphic Mendelian inheritance patterns in seven human family cell lines and each encompassing at least three generations. All genotyping included cases and controls together in the runs and laboratory personnel were blinded to case-control status.
Sample Selection and Missing Data. Participants without DNA (n = 255), diet (n = 51), or alcohol (n = 26) information were omitted from these analyses (n = 332). This provided a sample size for this study consisting of 1,063 cases and 1,890 controls. For missing values of other variables, the median value for cases or for controls, stratified by menopausal status, was imputed. For missing values of variables that could not be imputed, such as family history of breast cancer or history of benign breast disease, an additional "missing" category was created for that variable.
Statistical Analysis. Statistical analyses were done using Statistical Package for the Social Sciences (version 15; SPSS, Inc.). Breast cancer risk factors for those who were genotyped and not genotyped for the entire WEB study were compared by χ 2 analysis for categorical variables and the Student's t test for continuous variables.
Hardy-Weinberg equilibrium of genotype frequency was tested with the Pearson goodness-of-fit statistic among cases and controls for all of the polymorphisms (34) and all conformed to Hardy-Weinberg proportions.
All analyses were stratified by menopausal status. Odds ratios (OR) and 95% confidence intervals (95% CI) were estimated with unconditional logistic regression for the main effect of each genotype as well as for alcohol-genotype effects. Breast cancer risk factors were included in the adjusted model for main effect of genotypes: age, education, age at menarche, age at first birth, parity, age at menopause (postmenopausal women only), body mass index (BMI; postmenopausal women only), family history of breast cancer, and history of benign breast disease. Due to the number of stratifications required to examine a joint effect of genotype and alcohol intake, a more parsimonious model was used. Parameter estimates for nutrients and supplements related to one-carbon metabolism and affected by alcohol intake (folate and vitamins B6, B12, and riboflavin) did not meet our inclusion level of P = 0.10 and were therefore not included in the parsimonious model. For examination of multiplicative interactions, P values for interaction were determined by including a multiplicative term in the regression model and deemed significant at P < 0.05.
Main Effect of Genotype. Logistic regression was done with breast cancer as the outcome for strata defined by genotype. Strata of the genotype were examined as dominant, codominant, and recessive models. Additionally, main effects were stratified by ER status, PR status, and hormone replacement therapy (HRT) use among postmenopausal women.
Interactions of Genotypes. In exploratory examination of interactions of genotypes or alleles, premenopausal and postmenopausal women were combined and menopausal status was included in the regression model. The number of variant genotype combinations for the MTHFR (C677T and A1298C) and MTR genotypes was examined in a model with women who did not have a variant genotype as the referent. Additionally, risk for breast cancer based on the number of variant alleles for all three genotypes was examined with women who did not have any risk alleles as the referent.
Interactions of Alcohol Intake and Genotype. Genotype was examined in relation to several measures of alcohol consumption, including both absolute intake and intensity of intake. The alcohol variables were categorized into three levels: lifetime nondrinkers, low drinkers, and high drinkers. Nondrinkers or abstainers were individuals who reported <12 drinks in any 1 y throughout their lifetime. Low and high drinker categories were based on the median intake in the distribution of the premenopausal and postmenopausal controls separately, excluding the lifetime nondrinkers. Analysis of drinks per drinking day was further adjusted for total lifetime ounces of alcohol consumed.
Results
In this study of genotype, alcohol, and breast cancer risk, we did not find significant differences in characteristics between those who were genotyped and those who were not. Characteristics for cases and controls genotyped in this study are summarized in Table 1 .
ORs and 95% CIs for breast cancer risk according to genotype are shown in Table 2 . Genotype was not associated with breast cancer risk for any of the three Table 2 . Additionally, within strata of ER and PR status for all women or of HRT use among postmenopausal women, there was also no association of genotype with risk (results not shown). Exploratory analysis investigating gene-gene interaction showed no increase in the estimated risk for breast cancer among women with more than one variant genotype for any of the three polymorphisms compared with those without any variant genotype (OR, 1.40; 95% CI, 0.56-3.47). The CI however was wide due to small sample size. We also examined risk associated with the total number of variant alleles for any of the three genotypes; there was no difference in risk for women with one, two, or three or more variant alleles compared with those with none [OR, 0.83 (95% CI, 0.60-1.17); OR, 0.97 (95% CI, 0.70-1.35); and OR, 0.72 (95% CI, 0.50-1.04), respectively)].
In the original case-control study, the unpublished results show that there was a nonsignificant increased odds of breast cancer among women with high compared with low self-reported lifetime drinking (total ounces during the lifetime or drinks per usual drinking day throughout the lifetime) for both premenopausal and postmenopausal women. 8 The breast cancer risk for those who drank one or more alcoholic beverages per day compared with those who were light drinkers was OR = 1.23 (95% CI, 0.80-1.89) for premenopausal women and OR = 1.16 (95% CI, 0.88-1.54) for postmenopausal women.
In this study, multiplicative interaction of genotype with lifetime alcohol consumption was examined (Table 3) . Although the fully adjusted model estimates were similar to the crude estimates, a more parsimonious model to examine the joint effect was chosen and only adjusted estimates from this model are shown in Table 3 . Neither the MTHFR A1298C nor the MTR A2756G genotypes were associated with risk when examined in conjunction with alcohol consumption for either premenopausal or postmenopausal women. The MTHFR C677T genotype was associated with breast cancer risk among postmenopausal women with the variant genotype and higher lifetime alcohol consumption compared with women who were nondrinkers with the CC genotype (OR, 1.90; 95% CI, 1.09-3.28). Within subcategories, other statistically significant results for postmenopausal women with the MTHFR C677T genotype included an increased risk for nondrinkers and low drinkers with the CT genotype for lifetime total ounces and for nondrinkers with the CT genotype for lifetime drinks per drinking day. The P values for multiplicative interaction, however, were not significant for either drinking category.
Additionally, there was a statistically significant increase in risk for postmenopausal women with the TT genotype who reported more lifetime drinks per drinking days even after adjusting for lifetime alcohol consumption (OR, 1.80; 95% CI, 1.03-3.28). There was no evidence of an association for usual total intake or drinks per drinking day for the more recent time periods of 2 to 10 years or 10 to 20 years before diagnosis or interview among either premenopausal or postmenopausal women (data not shown).
We further examined the association with risk of the MTHFR 677TT genotype and alcohol consumption during each decade of life among postmenopausal women. Whereas CIs were wide and all included the null, point estimates for risk of breast cancer tended to be higher in the younger years of life for those with the variant genotype. The ORs for high drinkers with the TT genotype compared with nondrinkers with the CC genotype were as follows: 1.60 (95% CI, 0.91-2.80) for alcohol consumption <20 years old, 1 
Discussion
In this study, we examined polymorphisms in the ratelimiting enzyme MTHFR and a polymorphism in an associated enzyme, MTR. Both enzymes are important in one-carbon metabolism. None of these polymorphisms, however, were associated with an alteration in breast *Adjusted for age, education, age at menarche, parity, age at first birth, history of benign breast disease, and family history of breast cancer. † Adjusted for age, education, age at menarche, parity, age at first birth, history of benign breast disease, family history of breast cancer, age at menopause, and BMI.
cancer risk in either premenopausal or postmenopausal women. We did find some evidence of an interaction of MTHFR C677T and alcohol with risk of breast cancer among postmenopausal women with the homozygote variant genotype (TT), but there was no evidence of that interaction for the other two polymorphisms. The biochemical reactions involved in one-carbon metabolism are necessary for the synthesis of purines and pyrimidines as well as for the formation of S-adenosylmethionine, important for the methylation of substrates such as DNA and therefore essential to gene regulation (4). The fundamental acceptor molecule for one-carbon metabolism is folate (4). Alcohol consumption can affect the intake, absorption, activation, and storage of folate and other nutrients that are methyl contributors (8) . Abnormal folate status as a result of alcohol ingestion could potentially adversely affect methylation both globally and at specific CpG sites in promoter regions of genes as well as nucleotide synthesis and consequently DNA synthesis and repair.
Consistent with our findings about the association of MTHFR C677T genotype and breast cancer risk, a recent meta-analysis that included 17 case-control studies found no association of MTHFR 677 genotype and breast cancer risk (22) For MTHFR A1298C, several epidemiologic studies have found, as did we, no association of genotype with risk (23, 24, (36) (37) (38) (39) (40) . The variant allele for MTHFR A1298C may have less effect on enzyme activity than the MTHFR C677T variant allele. It is also possible that the variant genotype for this polymorphism is only important in the presence of the variant genotype for the MTHFR 677 polymorphism (41) . In our study, we did not have any participants who had both variant alleles.
There are few studies examining MTR and breast cancer risk (23, 25, 26) and results are inconsistent. We did not find any alterations in risk by MTR genotype for either premenopausal or postmenopausal women in our population.
Gene-gene-environment interactions may also be important in understanding the role that one-carbon metabolism plays in breast carcinogenesis. We did an exploratory examination of the significance of having one or more than one variant genotype in comparison with having the common genotype for either polymorphism for MTHFR C677T, MTHFR A1298C, and MTR genotype. Additionally, we looked at the number of variant alleles for all three polymorphisms in relation to risk for breast cancer. Our study does not support an association for combined genotype or for multiple alleles of these specific genes.
It is possible that genetic variation in the enzymes involved in one-carbon metabolism may not influence the development of breast carcinogenesis independent of other factors, such as alcohol intake. There is approximately a 10% increase in risk of breast cancer with consumption of one drink of alcohol per day (2, 42) , yet there have been only a few studies examining MTHFR C677T and breast cancer risk that included an examination of interactions with alcohol consumption (23, (43) (44) (45) . Additionally, in these studies, the assessment of alcohol was not comprehensive and often limited to recent intake; results are not consistent (23, (43) (44) (45) . Although we did not find evidence for a multiplicative interaction, we found a significant increase in breast cancer risk among postmenopausal women with the TT genotype for MTHFR C677T whose lifetime total intake in ounces was above the median, which is consistent with our hypothesis. Additionally, we saw an increase in risk for these women whose lifetime drinks per drinking day was above the median, ∼1.91 drinks per drinking day, even with adjustment for total intake of alcohol. It is possible that there may be additive interaction without multiplicative interaction, which may be of greater interest in the case of disease prevention. When we examined alcohol consumption within decades, it seemed that drinking at younger ages among postmenopausal women with the TT genotype was more associated with risk possibly because of higher alcohol consumption in those years. The findings suggest that one-carbon metabolism may play a role in the observed association of alcohol with breast cancer risk among postmenopausal women. We have no explanation for the significant findings among nondrinkers and low drinkers with the CT genotype other than that they may be spurious findings from small cells in subgroup analyses.
A strength of this study was the detailed assessment of lifetime alcohol consumption. Unlike most studies that assess only recent or usual alcohol intake, we were able to assess alcohol intake throughout life. Further, we assessed quantity and frequency separately, allowing us to examine both total consumption and intensity of consumption.
As with any case-control study, there are limitations that need to be considered in the interpretation of the findings. There is a possibility of measurement error, particularly for measurement of lifetime alcohol. Nondifferential error in measurement of intake would likely bias results to the null. Despite this potential for error, our methods for measuring alcohol consumption were more comprehensive and detailed than previous assessments of alcohol intake (46) . Although recall bias about report of alcohol may also be a problem, there is evidence that bias in recall of alcohol consumption does not substantially alter results about alcohol (47) .
To aid us in assessment of selection bias, we conducted a short interview with a subset of those refusing to participate and those who had agreed to participate in the case-control study. There was some tendency for both participating cases and controls to drink more than nonparticipants who agreed to the short interview; differences were small and not significant. There was some tendency for participating cases to have lower-stage disease than nonparticipants. It may be that our results are not generalizable to later-stage disease. Among participants, we did not find important differences between those who were genotyped and those who were not. It is unlikely that genotype was related to participation in the study. We examined whether subjects, who were eliminated from this study due to the absence of DNA or diet information, were different based on alcohol consumption and whether this could have contributed a bias. We compared the risk estimates for breast cancer of those in the parent study with those included in this study for alcohol intake and risk estimates were the same between the groups for lifetime total ounces of alcohol intake and lifetime number of drinks per drinking days stratified by menopausal status.
In summary, we found that greater lifetime alcohol consumption among postmenopausal women with the TT variant genotype of MTHFR C677T was associated with increased risk of breast cancer. Further, we found that intensity of consumption may also contribute to this association. These findings indicate that one-carbon metabolism may be important in the pathway leading to carcinogenesis and may explain, at least in part, the observed association of alcohol and breast cancer among postmenopausal women.
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